Endocytosis of Oxidized LDL and Reversibility of Migration Inhibition in Macrophage-Derived Foam Cells In Vitro

A Mechanism for Atherosclerosis Regression?
Maria Pataki, Gabor Lusztig, and Horst Robenek
The ability of macrophage-derived foam cells to migrate from atherosclerotic lesions represents one potential mechanism for the regression of atherosclerosis. It is, however, generally recognized that the transformation of macrophages into foam cells results in greatly reduced migrational ability. In the present study, we set out to investigate the factors affecting migratory capability in foam cell-like cells with the use of an in vitro assay. Foam cell-like cells were prepared by incubating macrophages in the presence of oxidized low density lipoprotein (LDL). The transformation to a typical foam cell morphology was demonstrated by Nile red staining (light microscopy), and the mechanisms of binding, uptake, and intracellular processing of oxidized LDL were established by colloidal gold labeling on the ultrastructural level. With the in vitro assay, the migration of these foam cell-like cells was found to be markedly inhibited compared with untreated, control macrophages. However, zymosan-activated mouse serum restored migration in oxidized LDL-treated cells to levels similar to those of control cells. Restoration of migratory capacity was accompanied by alterations in the cytoskeleton system, especially in actin arrangement are a major constituent of the atherosclerotic plaque and play an important role in the development of the lesion. 1 " 4 In vitro studies have shown that modified forms of low density Lipoprotein (LDL) cause accumulation of cholesterol esters in cultured macrophages, 5 " 9 whereas normal LDL does not result in significant lipid accumulation within these cells. 5 Steinberg et al 10 have reported that LDL is converted by endothelial cells or chemical oxidation with Cu 2+ into a negatively charged form, which is avidly taken up by macrophages via the scavenger receptor.
11 - 14 Oxidized LDL (Ox-LDL) is a chemoattractant for monocytes, causing acceleration of recruitment of these cells into the arterial wall. It is also known that Ox-LDL inhibits macrophage migration in vitro. 15 ' 16 By promoting the recruitment and inhibiting the migration of macrophages, Ox-LDL has a very unfavorable effect in the arterial wall. Information from several sources indicates that atherosclerotic lesions can, in some circumstances, undergo regression. 17 - 20 Gerrity and Naito 21 and Ger-rity 22 have described macrophage-foam cells leaving the ultima, suggesting that macrophages may play an active role in removing lipids from the lesion. These authors, however, did not explain in detail how this migration might occur, and it remains to be clarified whether foam cells of the atherosclerotic plaque are indeed able to migrate. The present study was aimed at elucidating some aspects of the role that macrophages may play in the regression of atherosclerotic plaques, especially by examining the capability of foam cells to undergo migration.
We have used an in vitro migration assay to measure the mobility of lipid/Ox-LDL-loaded mouse peritoneal macrophages in the presence or absence of zymosanactivated mouse serum (ZAMS). ZAMS, which is a widely used chemotactic agent, was used as a stimulator for the migration of foam cells.
Methods
Materials
Cells were harvested from male NMRI-SPF mice (weight, 25-35 g 
Antibodies
Polyclonal antiactin antibodies were kindly provided by Dr. Ira M. Herman, Tufts University, Boston, Mass. Goat anti-mouse immunoglobulin G, unconjugated and labeled with fluorescein isothiocyanate (FTTC), was obtained from Medac (Hamburg, FRG).
Isolation of LDL
LDL (density, 1.019-1.063 g/ml) was isolated from fresh human normal pooled plasma by centrifugation for 24 hours at 45,000 rpm in a 45 Ti rotor 23 and intensively diaryzed at 4°C against isotonic buffer supplemented with 0.01% NaEDTA. Protein content was measured by the method of Lowry et al. 24 LDL modification was carried out by oxidizing LDL with 8 /xM Cu 2+ according to the method of Steinbrecher et al, 25 with the modification that the incubation of LDL with Cu 2+ was made in single quantities of 40-60 ml (100 fig LDL/ml). The Ox-LDL was then diaryzed for 48 hours at 4°C against DMEM to stop the oxidation process.
Thiobarbituric Acid Reaction
The presence of oxidation products was determined by the assay described by Schuh et al, 26 which detects malondialdehyde (MDA) and MDA-like compounds that react with thiobarbituric acid. The reaction product was assayed fluorometrically by using a Hitachi F 2000 fluorescence spectrophotometer with excitation at 515 nm and emission at 553 nm. Freshly diluted 1,1,3,3-tetramethoxypropane (Sigma), which yields MDA, was used as a standard (0-25 nmol/ml). The thiobarbituric acid-reactive substance (TBARS) content of Ox-LDL was 23.8±4.1 (mean±SD) nmol MDA equivalents/mg protein.
Zymosan-Activated Mouse Serum
Zymosan A, the cell-wall extract of Saccharomyces cerevisiae, was suspended in saline (1 mg/ml) and boiled for 1 hour. One-milliliter aliquots of the suspension were stored by freezing. Before use, one aliquot was thawed and centrifuged (5 minutes, 2,000 rpm), and 1 ml mouse serum (MS) was added to the precipitate. It was then incubated for 1 hour at 37°C. After incubation the suspension was centrifuged (5 minutes, 2,000 rpm), and the supernatant was used immediately or was frozen to -20 c C until use. According to Leonard and Skeel, 27 the most effective concentration of ZAMS is a 10-fold dilution, so this concentration was used throughout the present study.
Preparation ofAgar Plates
A 2% (wt/vol) solution of Bacto agar was boiled and then cooled to 56°C and mixed with FCS (20%, vol/vol) and a double concentration of DMEM. The final solution contained 1% (vol/vol) agar and 10% (vol/vol) FCS. Antibiotic solution was added to a final concentration of 100IU penicillin and 100 \ig streptomycin per milliliter. A volume of 2.5 ml of this agar medium was poured into 35 -mm-diameter disposable Petri dishes for cell culture. After the gel had set, the plates were stored in the refrigerator at 4°C. Seven holes, each 2.1 mm in diameter, were cut in each agar plate on the day of the experiment by using a sterile stainless steel butterfly needle connected to a vacuum pump.
Cell Preparation and Cell Culture
The assay was performed as described by Nyabenda and Veas Bendeck 28 with some modifications. Resident peritoneal exudate cells were obtained from mice. On the day of the assay, mice were anesthetized with ether, exsanguinated by decapitation, and injected intraperitoneaUy with 5 ml Dulbecco's phosphate-buffered saline. After gentle massage the peritoneum was opened under sterile conditions, and the peritoneal fluid was aspirated and collected in a sterile plastic tube. The lavage fluid was centrifuged at 400g for 10 minutes, and the pelleted cells were then resuspended in Dulbecco's phosphate-buffered saline again. After another washing step the cells were resuspended in DMEM, counted in a Thoma chamber, and adjusted to 2xlO 7 cells/ml in DMEM or 50 ^g/ml Ox-LDL containing DMEM. These cells were used for either the migration assay or the uptake experiments after attachment onto plastic cellculture dishes. Each dish for the uptake experiments contained 10 6 cells. Nonadherent cells were removed by vigorous washing with DMEM. Culturing was carried out in DMEM supplemented with nonessential amino acids, 4 mM L-glutamine, 1 mM sodium pyruvate, 100 jig/ml streptomycin, 100 ru/ml penicillin, and 10% (vol/vol) FCS.
Migration Assay
Five microliters of cell suspension was transferred to each hole (10 5 cells/hole). For each test medium, three to four agar plates, each containing seven holes, were used per experiment. Assays were repeated three to four times. The agar plates were incubated in 5% CO 2 /95% atmospheric air saturated with water vapor at 37°C for 60 minutes. After attachment of the cells to the plate, 800 fi\ DMEM with 10% (vol/vol) FCS as the control medium or 800 pi control medium supplemented with 50 jig/ml Ox-LDL was poured onto the agar plates. After 24 hours of incubation with Ox-LDL, a 10-fold dilution of ZAMS or MS was added to the Ox-LDL-containing medium, and the cells were incubated for another 24 hours. Each medium contained 10% (vol/vol) FCS and antibiotic solution as mentioned above. Viability of the cells, as measured by the trypan blue exclusion test, was not <95%. After incubation, each agar plate was fixed with a solution of 1% (vol/vol) formaldehyde and 0.1% (vol/vol) glutaraldehyde in phosphate buffer (pH 7.2). After removal of the gel, migrating cells that had adhered to the plastic dish were stained with Wright's Giemsa solution for 60 minutes, finally rinsed with distilled water, and left to dry by evaporation. The individual areas of migration were projected at x 17 magnification through a photomagnifier (Durst, Laborator 1200) onto paper, and the margins of the migrating cells were traced with a pen onto the paper. Migration areas were then placed on the screen of an electronic planimeter that was connected to a computer. The area of the hole (inside surface) and the entire migration area were recorded four times successively. The difference between the means of these two recordings expresses the migration area. Statistical analysis was made by Student's t test. All data are expressed as mean±SD. Differences were considered significant if p<0.05.
Nile Red Staining
Cells were cultured on coverslips and fixed in Karnovsky's solution for 60 minutes. Nile red stock solution (500 Mg/ml) in acetone was diluted in glycerol before use (4 fi\ stock solution in 75% [vol/vol] glycerol) and mixed by vortexing. 29 The examination was made by use of a Leitz photomicroscope equipped for epi-illumination. For yellow-gold fluorescence, excitation filter I 2/3 Blue (450-490 nm) and barrier filter LP 515 were used. Cells were photographed on Kodak Tri-X pan film (ASA 400).
Preparation of Ox-LDL-Au Complexes
Monodisperse gold sols of 12-nm-diameter gold particle size were prepared by reduction of chloroauric acid with sodium citrate. 30 Binding of gold particles to the Ox-LDL particles (Ox-LDL-Au) was carried out by rapidly mixing 5 ml colloidal gold, pH 6.0, with 80-100 /xg protein of Ox-LDL, depending on the titration made before every experiment. Ox-LDL used for conjugation was dialyzed against distilled water. After conjugation, the pH was adjusted to 7.3 with 1 M TV-2-hydroxyethylpiperazine-AT-2-ethanesulfonic acid (HEPES) buffer, reaching a final concentration of 25 mM HEPES to stabilize the complex. Then the conjugates were spun down at 15°C in a Beckman L5-65B ultracentrifuge with a 60 Ti rotor (Beckman) at 15,000 rpm for 30 minutes.
The stability of conjugates was tested by addition of 10% (wt/vol) NaCl. All preparations were examined by negative staining before use.
Binding and Endocytosis of Ox-LDL-Au Complexes
Ox-LDL-Au was added to the culture medium at a final concentration of about 25 /xg/ml, and the macrophages were incubated continuously with the marker at 37°C for 5, 15, or 60 minutes and at 4°C for 30 minutes. The experiments were terminated by vigorous washing with PBS and 0.2% (vol/vol) bovine serum albumin (BSA) and then with PBS, pH 7.4, at 4°C and fixed in Karnovsky's solution. 31 Competition experiments were carried out by incubating cells with unlabeled Ox-LDL followed by Ox-LDL-Au or by treatment of cells with both Ox-LDL-Au and an excess of unlabeled Ox-LDL.
Immunolocalization ofActin
Macrophages grown on coverslips were fixed and permeabilized by incubation in PBS supplemented with 4% (vol/vol) paraformaldehyde and 0.5% (vol/vol) Triton X-100 for 10 minutes at room temperature. After several washings with PBS, cells were incubated for 1 hour with primary antibodies diluted with PBS/1% (vol/vol) BSA. Thereafter, the coverslips were rinsed in PBS and incubated for 30 minutes in a solution containing FITC-conjugated goat anti-rabbit or goat antimouse secondary antibodies. After rinsing with PBS, coverslips were mounted with 90% glycerol/10% PBS, supplemented with 0.1% phenylenediamine, and viewed with a Leitz fluorescence microscope.
Processing for Electron Microscopy
Negative staining. Negative staining was performed by placing a Formvar-coated grid for 2-3 minutes on a drop of diluted solution of Ox-LDL or gold-labeled Ox-LDL, which was then transferred to a drop of distilled water for 1 minute and finally to a drop of 4% uranyl acetate, pH 3.5, for 5 minutes. The specimens were examined in a Philips model 201 electron microscope at 60 kV.
Thin sectioning. Cells were fixed in Karnovsky's solution, pH 7.4, at 4°C for at least 60 minutes, and after being washed in PBS they were postfixed for 60 minutes in 1.3% OsO 4 /barbital buffer, pH 7.0. After being washed in PBS the cells were dehydrated in an ascending ethanol series. The macrophages were removed from the bottom of the culture dish during the propylene oxide step and formed into pellets before being embedded in Epon 812. Diamond knives were used to cut ultrathin sections, which were mounted on 200-mesh copper grids that were left uncovered or that were covered with Formvar support films and stained with saturated uranyl acetate and lead citrate. They were examined in a Philips model 201 electron microscope at 60 kV.
Surface replication. For surface replication the fixed cells were dehydrated and dried in air, and then a 1-cm 2 piece from the bottom of the Petri dish, covered with macrophages, was cut out. 32 Platinum-carbon replicas of the surface of the cell cultures were made in a Balzers BA 300 freeze-etching apparatus (Balzers AG, Liechtenstein) equipped with an electron gun evaporator and a quartz-crystal thickness monitor. Replicas were obtained by shadowing the cell surface with platinumcarbon at an angle of 38° followed by carbon alone at 90°. The replicas were cleaned in sodium hypochloride for 30-60 minutes, washed in distilled water, picked up on 200-mesh copper grids, and examined in a Philips model 201 electron microscope at 60 kV.
Results
Binding and Uptake of Ox-LDL in Macrophages
Fluorescence microscopy. NILE RED STAINING. Fluorescence microscopy with Nile red staining demonstrated that macrophages incubated in the presence of Ox-LDL adopted a foam cell-like morphology (Figure 1 ). Large accumulations of lipid droplets, containing phospholipid and cholesterol, were apparent after 24 hours of incubation (Figures 1A and IB) . Cells examined after 48 hours of exposure to Ox-LDL revealed a morphology similar to that of cells receiving a 24-hour treatment.
Incubation of the macrophages with Ox-LDL for 24 hours and a subsequent treatment with ZAMS for 24 hours did not influence the accumulation of lipid droplets and did not change the appearance of the cells.
IMMUNOLOCALIZATION OF ACTIN. Immunofluorescence microscopy with antibodies against actin revealed that Ox-LDL-induced inhibition of migration and ZAMS-activated resumption of motility in macrophages are associated with striking changes in the organization of the actin cytoskeleton (Figure 2) . In control cells before incubation with 50 ^tg/ml Ox-LDL, diffuse stain is seen over the cell body, extending into the cellular processes. At the end of the processes, short stress Figure 2B ). Cells incubated with 50 /ig/ml Ox-LDL for 24 hours followed by a 24-hour incubation with 10% ZAMS show a diffuse labeling over the cell body. From the cell body, numerous rectilinear stress fibers extend to the cell periphery and into the cellular processes ( Figure 2C ). Resumption of motility in Ox-LDL-treated macrophages by ZAMS appears to be associated with these stress fibers.
Electron microscopy.
NEGATIVE STAINING OF GOLD-LABELED OX-LDL. The
binding and uptake mechanism of Ox-LDL has not yet been described in detail morphologically. To visualize the binding and uptake of Ox-LDL by macrophages at the electron-microscopic level, we coated Ox-LDL molecules onto 12-nm-diameter gold particles. The Ox-LDL-Au conjugates are shown in Figure 3A after negative staining. This example demonstrates that each gold particle is surrounded by several Ox-LDL molecules. In thin sections of macrophages pretreated with Ox-LDL for 24 hours or 48 hours and then incubated with Ox-LDL-Au for 30 minutes at 4°C, gold label was found on microvilli and on both coated and noncoated, undifferentiated, flattened areas of the cell surface. Endocytotic uptake of Ox-LDL-Au was almost completely absent at 4°C. Surface-bound Ox-LDL-Au conjugates were rapidly internalized after warming the cells to 37 C C. After incubation at this temperature for 5 minutes, the earliest time examined, the gold particles were preferentially clustered in coated pits and coated invaginations or were located mainly in structures that belong to the peripheral cytoplasm, e.g., coated vesicles, small endosomes, and pleiomorphic tubular structures delineated by smooth membranes (Figures 3C and 3D ). After 15 minutes of incubation, the vast majority of Ox-LDL-Au conjugates were present in smooth-surfaced electron-lucent vesicles resembling endosomes. After 30 minutes, the number of gold particles inside the macrophages had considerably increased. The gold marker was clearly detected predominantly in electron-dense lysosomes. Lysosomes continued to accumulate gold particles with longer exposure to the Ox-LDL-Au conjugates, and after 60 minutes, almost all lysosomes in any particular labeled cell contained gold particles ( Figure 3E ).
Migration of Cholesterol-Laden Macrophages
The effects of lipid accumulation on the migration of macrophages were compared under three different ex- perimental conditions: 1) with macrophages cultivated in normal culture medium, which served as control cultures; 2) with macrophages cultivated in the presence of 50 ^g/ml Ox-LDL for 48 hours; and 3) with macrophages cultivated in the presence of 50 /ig/ml Ox-LDL for 24 hours and subsequently treated for another 24 hours in either a) 50 fig/ml Ox-LDL plus normal MS or b) 50 Mg/mi Ox-LDL plus ZAMS. Cells transferred to the holes in the agar migrated into the gel to an extent depending on their migratory ability (Figure 4) . The areas covered by the migrated cells were compared for the different treatments ( Figure 5 ). Cells receiving a 48-hour treatment with Ox-LDL were significantly less mobile than cells incubated in control medium, showing a 30% reduction in mobility as measured in the assay (p<0.001). Addition of ZAMS to Ox-LDL-treated cells had a pronounced effect on restoring the migratory activity to values approaching those of cells in the control medium (p<0.0001). Further comparisons were made to determine whether restoration of the migratory activity of the foam cell-like macrophages was due to zymosan activation of serum components or serum alone. Ox-LDL-treated cells incubated in the presence of MS without zymosan exhibited an enhanced but not a significantly enhanced mobility compared with Ox-LDL-treated cells not exposed to MS (p<0.1). The migratory activity of these cells remained significantly (/7<0.001) lower than that of Ox-LDL-treated cells incubated in the presence of ZAMS ( Figure 5 ).
Discussion
We have studied the effects of lipid accumulation on the migration of mouse peritoneal macrophages. Our first step was to investigate the surface binding sites and uptake mechanism of Ox-LDL to describe the transformation process of these cells. We therefore employed gold-labeled Ox-LDL for electron-microscopic visualization. The results give detailed insight into the endocytosis and the catabolic pathway of Ox-LDL molecules in cultured mouse peritoneal macrophages. The process of Ox-LDL uptake in macrophages appears to comprise at least three phases. In the initial phase, Ox-LDL binds to a membrane receptor. Internalization of the Ox-LDL then follows in the second step. The third phase consists of hydrolysis of Ox-LDL in lysosomes. This sequence of events shows the general structural and metabolic characteristics of receptormediated endocytosis.
Our fluorescence microscopic study with Nile red staining demonstrated that macrophages incubated in the presence of Ox-LDL for 24 hours at 37°C were transformed into foam cells containing large accumulations of lipid droplets. Prescott et al 33 have shown that incubation of macrophages with 50 /ig/ml Ox-LDL !^S$*"^ - blood-vascular system to atherogenesis. Several authors have shown a significant decrease in the number of lipid-laden macrophages in the intimal lesions after several months of a regression diet. 17 -20 Moreover, Gerrity and Naito 21 and Gerrity 22 have claimed that foam cells are able to and do migrate back into the arterial lumen with their lipid load. They based their conclusions on electron-microscopic results obtained in hypercholesterolemic swine. 
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For effective lipid clearance, there would have to exist a dynamic balance between the monocytes entering the arterial wall and the foam cells leaving it. There are at least two possible ways of influencing this process. One is to increase the number of circulating monocytes; the other is to stimulate monocyte-derived foam cells of the subendothelium to leave the lesion. There is, however, sparse information on how lipid uptake and cholesterol accumulation in macrophages affect the mobility of FIGURE 5 these cells. In accordance with previous reports, 1516 the present study demonstrates by in vitro assay that foam cells produced by incubation of macrophages with Ox-LDL are significantly less mobile than control macrophages. To investigate whether it was possible to restore the migration ability of foam cell-like cells, we applied ZAMS. The activated serum caused a significant enhancement in cell motility of lipid-laden macrophages. This effect is likely due to activation of the alternative pathway of the complement system in the serum. 34 -37 The anaphylatoxins C5a, C3a, and C4a trigger a series of biological events: release of histamine from mast cells and serotonin from thrombocytes, chemotaxis and aggregation of granulocytes with subsequent release of h/sosomal enzymes, and stimulation of leukotriene biosynthesis.
3^39 Unfortunately, we do not yet know which factors influence the migrational behavior observed and whether these compounds originate from the serum or are produced by the serum-treated cells.
As revealed by immunofluorescence studies, the cells exposed to ZAMS showed dramatic changes of the actin pattern. The fluorescent antiactin staining demonstrates a more diffuse and irregular staining in the control and Ox-LDL treated cells, whereas prominent stress fibers could be observed in the ZAMS-treated cells. These alterations might be correlated with various contents of G-and F-actin in the cells. It has been shown that chemotactic substances, like JV-formyl-methionyl-leucylphenylalanine, through a receptor-mediated mechanism could influence the balance between G-and F-actin. have shown that there is a reciprocal relation between the appearance of stress fibers and cell motility. Based on our results, we suggest that the effect of ZAMS on cell motility is at least partly due to the cytoskeletal changes.
In conclusion, the present results demonstrate that uptake and accumulation of Ox-LDL by macrophages need not inevitably lead to foam cell immobilization. This reinforces belief in the possibility of foam cell migration and egress from the atherosclerotic plaque as a potential in vivo mechanism for disease regression. The in vitro migration assay applied in this study provides a useful experimental system for exploring further aspects of the mechanism of regression.
